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SUMMARY 
Cell-matrix adhesion complexes are integrin-containing mechanical links between 
intracellular actin filaments and extracellular matrix. The main function of these 
adhesions is to dynamically sense the substrate environment and subsequently 
convey the information through signaling cascade to the cell. The assembly and 
disassembly of adhesions are highly dynamic and, following a temporal order, 
comprise of nascent adhesion (NA), focal complex (FC), focal adhesion (FA), 
mature focal adhesion (mFA) and fibrillar adhesion (FB). Talin and tensin are two 
major scaffold proteins that directly link integrins to the actin filaments. While 
talin is often detected in earlier adhesions such as NA, FC and FA, tensin is 
frequently detected in late adhesions such as mFA and FB. Our study 
complemented the story and suggests that tensin can localize to early adhesions as 
well during cell migration as well as early cell spreading. Tensin3, a member of 
tensin family, is known to bind focal adhesion kinase (FAK), but the function of 
the interaction remains elusive. Our study showed that the SH2 domain of tensin3 
is able to interact with FAK, independent of the phosphorylation state of FAK 
Tyr397. When FAK is knocked out, assembly of tensin3-rich early adhesions is 
impaired. Instead, significantly more quantities of tensin3-containing central 
adhesions are observed. Both of these imply that FAK is crucial for tensin3 to be 
properly localized to early adhesions. In brief, our study detected the presence of 
tensin3 at early adhesions, and provided a unique insight into the function of FAK 
on tensin3-rich adhesions. For future studies, the function of tensin3-rich early 
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adhesions must be identified, and their relationship to talin-rich early adhesions is 
worth to be examined. Additional biochemical studies should be conducted to 
investigate how the phosphorylation states of FAK could influence tensin3’s 
localization.  
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I. INTRODUCTION 
1.1 Cell migration and spreading 
Cell migration has long been a topic of interest in modern biology because of the 
migratory capacity in a variety of cellular processes, such as gastrulation and 
neuronal development in embryonic development (Keller, 2005; Klambt, 2009), 
wound healing and immune responses (Rose et al., 2007). Misregulation of cell 
migration may lead to pathologies such as cancer metastasis (reviewed in 
(Yamaguchi et al., 2005)), and the ability to inhibit cell migration is a potential 
treatment to cancer metastasis.  
Cell migration is a highly coordinated process, during which the major driving 
forces include cell body polarization, lamellipodial protrusion, new adhesions 
formation at the front, cell body contraction, and breaking down of adhesions at 
the rear (Raftopoulou and Hall, 2004). These cellular processes take place either 
sequentially or simultaneously, but work together in a highly regulated manner to 
drive the cell migration (Figure 1) (Hood and Cheresh, 2002; Vicente-Manzanares 
et al., 2009). Although the migration of some cell lines, such as neuronal cells, 
may be integrin-independent (Hatten, 2002), most cancer cell migrations are 
fibroblast-like and require cell-matrix adhesion complex that contains integrins – 
a pair of heterodimeric receptors named α- and β-integrin (Hynes, 2002). 
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Prior to establishing the polarity and starting migration, cells would typically 
undergo a process called spreading. Cell spreading is defined as a process for 
round cells to flatten on 2D substrate and characterized by the protrusion of 
lamellipodia – a thin layer of membrane that is rich in actin filaments meshwork 
(Fardin et al., 2010). In addition, the protrusion of filopodial actin bundle at the 
cell edge is also commonly seen in cell spreading (Gupton and Gertler, 2007). A 
typical fibroblast spreading often displays spatially-isotropic edge movement 
(Dubin-Thaler et al., 2008). Although cell spreading itself does not entail 
substantial motion of cell body, it significantly impacts the subsequent 
directionality and motility of cells. Cell spreading usually starts as early as ~15 
minutes after plating cells onto the substrate, and it involves highly complicated 
biochemical reactions on actins including filament polymerization, branching, 
capping, severing, and cross-linking, etc (Pollard and Borisy, 2003).  
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Figure 1. The typical process of cell migration 
The image was extracted from John D. Hood and David A. Cheresh (Hood and Cheresh, 
2002).(a,b) The cell starts to polarize initially. Actin polymerization and decreased 
membrane tension leads to the protrusion of lamellipodium at the cell front. (c,d) The 
breakdown of adhesions at the rear of cell leads to the release of the trailing edge. (e,f) 
With the new adhesions forming at the front, actin-myosin machinery generates 
contractile forces that move the cell body forward. 
 
1.2 Cell-matrix adhesion complexes dynamics 
The integrin-mediated cell-matrix adhesion complexes are mechanical links 
between the intracellular actin filaments and the extracellular matrix. These 
adhesive structures are able to sense the chemical and mechanical information of 
substrate environment, and consecutively convey the information via signaling 
cascades to impact cellular fate, motility, polarity, and differentiation (Geiger et 
al., 2009). In migrating cells, adhesions push the cell body forward through 
organization of actin dynamics. The continuous assembly and disassembly of 
adhesions at the front is thus frequently visualized as “feet of cells” that regulate 
cellular motion on the substrate (Lock et al., 2008). In stationary cells, adhesions 
anchor and stabilize cells by slowing down the rate of turnover (Lock et al., 2008). 
Thus, cell-matrix adhesions function as a master control center of cell migration. 
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A typical adhesion consists of hundreds of components (Geiger and Yamada, 
2011). These components assemble themselves into various types of adhesion 
maturation states that differ in constituents, complexity, and functionality 
(Parsons et al., 2010). Among these complexes, “focal adhesion” is the best-
characterized adhesions. Some key components of classical focal adhesions are 
integrins, talin, tensin, paxillin, vinculin, zyxin, and focal adhesion kinase (FAK), 
just name a few. The maturation of adhesion is force-dependent and has been 
termed with different names for each maturation state (Figure 2).  
The earliest and smallest adhesions are called “nascent adhesions” that contain 
very few molecules inside lamellipodia. Some studies suggested that integrins 
start clustering prior to the formation of nascent adhesions, and both integrin 
clustering and nascent adhesion assembly depend on the activity of actin 
polymerization (Choi et al., 2008a; Galbraith et al., 2007). Nascent adhesions are 
relatively stationary, but can rapidly turn over or assemble into another young 
complex at the lamella-lamellipodia boundary called “focal complex”  – a 
growing adhesion complex that associates with thin actin filaments  at the back 
(Zaidel-Bar et al., 2003). In some literatures, focal complexes were defined as 
structures at the boundary between lamellipodia and lamella with constitutively 
active Rac1 activity (Nobes and Hall, 1995). Focal complexes are short-lived 
structures and are characterized by high level phosphotyrosine and devoid of 
zyxin or tensin (Zaidel-Bar et al., 2003). Both nascent adhesions and focal 
complexes are treated as “early adhesions” in our context. For cells that are 
spreading, commonly only “early adhesions” are detected in facilitating the 
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spreading process. Rac1 is a paramount signaling molecule that ensures the fast 
turnover of adhesions. The maturation of focal complexes to focal adhesions 
occurs following the downregulation of Rac1 and the activation of RhoA 
(Ballestrem et al., 2001). Meanwhile, the bundling of F-actins and the tension thus 
generated in fibroblast cells further drives the maturation of focal complexes into 
zyxin-containing focal adhesions (Choi et al., 2008b). The process of actin 
bundling is primarily regulated by the actin cross-linking protein, α-actinin (red 
color in Figure 2), and this activity is also important for the centripetal elongation 
of focal adhesions (Choi et al., 2008a). When RhoA activity becomes increasingly 
prominent, the tension that are generated by myosin II further contributes to actin 
thickening, which drives the morphology change of adhesions into large, “mature 
focal adhesions” (Vicente-Manzanares et al., 2008) – an adhesion complex 
commonly seen in fibroblast line with actin stress fibers behind. Some particular 
focal adhesions that “stand” on a pair of integrins, α β , may translocate inward 
in to the lamella and form a highly elongated, stable structure – “fibrillar 
adhesions” (FB) (Pankov et al., 2000; Zamir et al., 2000). The structure is thus 
named because its formation is coupled with the fibrillogenesis of fibronectin 
inside ECM – the process of assembling fibronectin dimer into multimeric 
fibrillar matrix (Schwarzbauer and DeSimone, 2011). Similar to the assembly of 
focal adhesions, the assembly of fibrillar adhesion is also a force-dependent 
process that depends on the actomyosin contractility (Zhong et al., 1998).  
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Figure 2. The maturation of cell-matrix adhesions 
The image was extracted from Vicente-Manzanares et al (Vicente-Manzanares et al., 
2009). The schematic drawing of the maturation process of integrin-containing cell-
matrix adhesions including nascent adhesions, focal complex, focal adhesions, and 
mature focal adhesions.  
 
Cell-matrix adhesions act as a molecular clutch that transmits the myosin-II-
dependent contractile force to the substrate (Vicente-Manzanares et al., 2009), 
and thus promote the forward movement of cell body. Increasing evidence 
suggests that morphology of adhesion depends on actin organization, rather than 
vice versa (Hotulainen and Lappalainen, 2006). The regulation of adhesions 
further serves as a checkpoint that controls lamellipodial protrusion, cell 
spreading, and motility. Major regulators of cell-matrix adhesions are Rho family 
GTPases – cdc42, Rac1, and RhoA. The functions of these Rho GTPases are 
multifaceted. But basically, cdc42 functions to establish the cell polarity at early 
stage (Cau and Hall, 2005; Etienne-Manneville and Hall, 2001); Rac1 and RhoA 
appear to be antagonistic and promote turnover and assembly of focal adhesions, 
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respectively. A number of review papers have discussed in detail about the 
complex mechanisms of adhesion assembly, turnover, actin polymerization, and 
actomyosin contraction and how they work in harmony to regulate cell migration 
(Lock et al., 2008; Vicente-Manzanares et al., 2009). Generally speaking, high 
level of Rac1 promotes focal adhesion turnover, which drives lamellipodia 
formation and protrusion with extensive actin treadmilling at the cell front. In 
contrast, high level of RhoA activates myosin-II – a key force-generating 
molecule that tensions and bundles the actin stress fibers and promotes the 
maturation of large, stable focal adhesions and contraction of cells. The 
antagonistic effect of Rho and Rac is primarily regulated by tyrosine 
phosphorylation of adhesion proteins such as paxillin, FAK, and p130Cas (Panetti, 
2002; Webb et al., 2004). When paxillin and FAK are unphosphorylated, RhoA is 
usually at a higher level. When paxillin and FAK are phosphorylated and 
activated, Rac1 starts to take charge (Kiyokawa et al., 1998). Paxillin and FAK 
actively regulate the antagonism between Rac1 and RhoA by primarily crosstalk 
with various Guanine Exchange Factors (GEFs) and GTPases Activating Proteins 
(GAPs) (Raftopoulou and Hall, 2004). Moreover, the conversion between small 
early adhesions and large late adhesions involves not only biochemical signaling 
inside adhesion, but many force-dependent mechanical signals as well, which are 
either externally or internally created (Balaban et al., 2001; Gallant et al., 2005). 
The capability of adhesions to respond to mechanical forces is currently an 
interesting topic in modern biology (Balaban et al., 2001; Bershadsky et al., 2006; 
Parsons et al., 2010). Indeed, some in vitro experiments suggest that forces could 
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unfold talin (See next chapter) and thus expose cryptic sites for vinculin to bind 
(del Rio et al., 2009). In recent years, the mechanosensitivity has been even 
perceived in podosomes and invadosomes (Albiges-Rizo et al., 2009) – two cell-
matrix adhesive structures that are frequently detected in leukocytes, endothelial 
cells and some tumor cell lines (Gimona et al., 2008). 
 
1.3 Talin 
Among all the direct linkers from integrin to actin, talin is most extensively 
studied. It converts integrins to an active state by binding to the cytoplasmic 
domain (tail) of β-integrin via its N-terminal “head domain” (containing a FERM 
domain) (Calderwood et al., 1999; Campbell and Ginsberg, 2004; Tadokoro et al., 
2003; Wegener et al., 2007), and it integrates actin filaments and vinculin via its 
C-terminal “rod domain” (Critchley, 2004; Humphries et al., 2007) (Figure 3). 
The fact that talin contains three actin-binding domains (ABD) and that each 
ABD is adjacent to a vinculin-binding site (VBS) imply a cooperative interactions 
among these three components (Hemmings et al., 1996). Talin was believed to 
exist as a homodimer for its function, but the exact orientation of talin dimer 
(parallel, anti-parallel or V-shaped, etc) has not reached a consensus (Gingras et 
al., 2008). 
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Figure 3. Structural domain of talin 
The image was extracted from the review paper by Critchley and Gingras (Critchley and 
Gingras, 2008). The integrin-binding sites, vinculin-binding sites, and phosphorylation 
sites are shown. 
 
Besides activating integrins and organizing adhesive structures, talin serves as a 
main scaffold for multiple structural and signaling adhesion molecules to bind and 
interact (Zaidel-Bar et al., 2007b). A recent study demonstrated that talin may 
undergo cycles of stretching in response to actomyosin contractile event in vivo, 
and this stretching can be eventually converted to biochemical signals at adhesion 
sites (Margadant et al., 2011). This finding greatly broadens our understanding of 
talin from a scaffold that stabilizes initial integrin-actin linkage to a mechano-
transducer that is able to encode the mechanical signals and convey them to 
downstream molecules. Moreover, calpain-mediated cleavage of talin appears to 
be another way to drive the disassembly of adhesions (Franco et al., 2004), in 
addition to RAC1 activation (See previous chapters). 
Disruption of talin gene in mouse embryos leads to an impaired embryonic 
development that can be largely attributed to a failure of cell migration during 
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gastrulation (Monkley et al., 2000). Moreover, Zhang et al made a big endeavor 
to deplete talin in fibroblasts by knocking out talin1 and knocking down talin2 
using siRNA. The depletion did not inhibit the very initial cell spreading, but 
severely abolished all sustained spreading and adhesive structures (Zhang et al., 
2008). The result seemed to suggest that talin is so indispensable that its absence 




1.4 Tensins and Deleted in Liver Cancer 1 
Talin and tensin are two major direct linkers between integrin pairs and actin 
fibers. While talin is primarily present in nascent adhesions, focal complex and 
focal adhesions, tensin is abundant in mature focal adhesions and fibrillar 
adhesions. A model has been proposed for years to suggest the presence of a 
biochemical switch from talin to tensin for fibrillar adhesion formation (Legate 
and Fassler, 2009; Papp et al., 2007; Pylayeva and Giancotti, 2007). Since both 
talin and tensin bind to the same cytoplasmic domain of β-integrins, there is likely 
a competition between them in binding to integrins and localizing to focal 
adhesions.  
Tensin family comprises of four members: tensin1, tensin2, tensin3 and cten. All 
of them contains Phosphotyrosine Binding (PTB) domain at the C-terminal and 
Src Homology 2 (SH2) in the middle (Figure 4). It is noteworthy that Actin 
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Binding Domain (ABD) is only observed in tensin-1, -2 and -3 but not in cten, so 
cten may act as a switch to dissociate actin filaments (Cao et al., 2012; Katz et al., 
2007; Lo, 2004). The PTB domain of tensin binds to the tail of β-integrins 
(Calderwood et al., 2003), and the SH2 domain of tensin acts as a signaling 
platform for multiple signaling molecules (Lo, 2004). In terms of localization, 
tensins are almost absent from early focal complexes, but are recruited to focal 
adhesions, and play essential role in establishing fibrillar adhesions (Zaidel-Bar et 
al., 2003). 
The kidney is the primary organ where most tensins are expressed (Nishino et al., 
2012), and all four tensins have functional role in regulating cell motility. 
Exogenous expression of tensin1 and 2 enhanced cell migration on fibronectin, 
and disruption of focal adhesion targeting activity of tensin-1 or -2 no longer 
promotes cell migration (Chen and Lo, 2003; Chen et al., 2002). Tensin3 was first 
discovered as a downstream molecule in epidermal growth factor signaling 
pathway (Cui et al., 2004). Tensin3 promotes cell migration and metastasis in 
breast cancer cell lines (Qian et al., 2009), but appears to be down-regulated in 
renal cancer (Martuszewska et al., 2009). Tensin3 particularly intrigues us 
because it has a large number of known binding partners both in vitro and in vivo 
(Qian et al., 2009), but the function of those interactions are mostly unknown. 
Newborn            mice die in three weeks and manifest serious growth 
retardation (Chiang et al., 2005). Furthermore,            mice tend to develop 
large cysts in the proximal tubules and end up with renal failure (Lo et al., 1997). 
Cten was believed to be a tumor suppressor that downregulates cell migration, 
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and this function was dependent on Deleted in Liver Cancer 1 (DLC1) – a Rho-
specific GTPase activating protein (RhoGAP) at cell-matrix adhesion (Liao et al., 
2007).  
 
Figure 4. The domain structure of tensins 
The graph is from Su Hao Lo, a pioneer in studying tensins (Lo, 2004). The graph shows 
the structural domains of tensin-1, -2, -3 and cten. The C1 domain (protein kinase C 
region) is detected in tensin2 N-terminus. Cten does not contain actin binding domain at 
the N-terminus. The number above the domain structure is the amino acid residue 
position. 
 
Among the interacting partners of tensins, DLC1 is most extensively studied. 
DLC1 is a potent tumor suppressor in a vast number of cancer lines (Goodison et 
al., 2005; Healy et al., 2008). Its level of down-regulation was reported to be 
comparable to that of p53 in various solid cancers (Lahoz and Hall, 2008; Xue et 
al., 2007). Moreover, DLC1 is an important RhoGAP at cell-matrix adhesions 
(Durkin et al., 2007). A few of recent studies demonstrated that DLC1 must be 
located to cell-matrix adhesion in order to exert its tumor suppressive function 
(Chan et al., 2009). This proper localization largely relies on its interaction with 
tensins (Cao et al., 2012; Chan et al., 2009; Yam et al., 2006). Therefore, tensins 
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function to simultaneously recruit and activate DLC1, and ensure the activity of 
DLC1 being refined to this proper subcellular region (Qian et al., 2007). 
Inspiringly, the solution structure of tensin2 SH2 domain and DLC1 peptide has 
been determined (Dai et al., 2011), and the solution structure of tensin2 PTB 
domain and DLC1 was also solved recently (Chen et al., 2012), by NMR 
spectroscopy in both endeavors.  
 
1.5 Focal adhesion kinase 
Another potential binding partner of tensin is Focal Adhesion Kinase (FAK) 
(Qian et al., 2009). Though FAK is known to be a master regulator of adhesion 
disassembly (Gardel et al., 2010), its interaction with tensin has seldom been 
addressed. FAK is a cytoplasmic tyrosine kinase and is crucial for integrin-
mediated signal transductions. FAK contains an N-terminal FERM (Band 4.1, 
ezrin-radixin-moesin homology) domain, a central kinase domain, followed by an 
around 220-residue proline-rich low-complexity region, and a C-terminal focal 
adhesion targeting (FAT) domain (Lietha et al., 2007) (Figure 5). The N-terminal 
of activated FAK was believed to interact with integrins as well as several growth 
factor recptors, and the C-terminal was proposed to interact with talin and paxillin 
(Zhao and Guan, 2009). Proline-rich tyrosine kinase 2 (Pyk2) is a related protein 
to FAK in sequence and structure, but is a non-essential gene (Schaller, 2010). 
Multiple phosphorylation sites of FAK have been uncovered, and the most pivotal 
one is Tyr397 which is essential for FAK auto-phosphorylation and activation 
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(Schaller et al., 1994). FAK is activated via disruption of an auto-inhibitory 
interaction between its FERM domain and central kinase domain (Cai et al., 2008; 
Lietha et al., 2007). The activated FAK prefers to form a complex with kinases 
from Src family, and the resulting complex actively regulates multiple 
downstream pathways by modulating RhoA and Rac1. In fact, FAK exerts most 
of its functions at cell-matrix adhesions when it is in a complex with Src (Zhao 
and Guan, 2011), and examples of the substrates of FAK/Src complex are paxillin 
and p130Cas (Cary et al., 1998; Turner, 2000).   
 
Figure 5. The domain structure of FAK 
The graph if from Zhao and Guan (Zhao and Guan, 2011). The domain structure of focal 
adhesion kinase. N-terminal FERM domain, central kinase domain and C-terminal focal 
adhesion targeting domain are shown. 
FAK is one of the most central components of integrin-mediated adhesions and 
actively regulates cell migration on substrate (Schaller et al., 1999). FAK 
knockout mice showed early lethal phenotype with mesodermal deficiency, and   
FAK-/- mouse embryonic fibroblasts (FAK-/- MEF) developed significantly more 
focal adhesions than normal cells and exhibited defective migration (Illc et al., 
1995). Conversely, overexpression of FAK in MEF promotes cell migration on 
fibronectin (Cary et al., 1996). Together, these studies provided strong evidence 
regarding the function of FAK in turning adhesive structures into small puncta 
and thereby promoting cell migration. Thus, since reduced level of FAK could 
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slow down the migration, FAK has been proposed as a good drug target against 
cancer metastasis. Indeed, some studies have shown that FAK expression is 
increased in human tumors, and FAK is enrolled in tumor progression in mouse 
model (McLean et al., 2005). In addition, FAK signaling pathways can promote 
tumorigenesis by stimulating cell cycle progression (Zhao et al., 1998) and 
inhibiting apoptosis (Lim et al., 2008a; Sonoda et al., 2000). To date, several 
pharmacological FAK inhibitors have been proposed as therapies to reduce tumor 
progression and prevent carcinogenesis (Golubovskaya and Cance, 2010; 
Golubovskaya et al., 2012; Parsons et al., 2008) .  
At least four FAK downstream signaling pathways mediate cell migration. The 
first is through phosphorylation of p130Cas by FAK/Src complex. Disruption of 
FAK binding to either Src or p130Cas impedes p130Cas phosphorylation and 
reduces cell migration (Sieg et al., 1999). The second pathway is through 
interaction with paxillin. Paxillin is a well-studied “Rac hub” that mainly 
functions to promote Rac1 signaling for actin polymerization and lamellipodial 
protrusion. Phosphorylation of paxillin by FAK/Src complex leads to high 
turnover rate of focal adhesions – a phenotype that is consistent with increased 
cell migration (Zaidel-Bar et al., 2007a). The third mechanism is through 
phosphorylation of PI3K by FAK, and this process seems to be independent of 
Src. PI3K further enhances cell migration via its effector Rac1 (Mitra et al., 2005). 
Grb7 is another a substrate of FAK, and phosphorylation of Grb7 by FAK 
profoundly stimulates cell migration (Han et al., 2000). 
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In addition to promoting focal adhesion turnover, some other functions of FAK at 
adhesions have been unveiled. Lawson et al recently provided novel insight that 
FAK is upstream of talin at nascent young adhesions because no talin is detected 
at the nascent adhesions that are rich in FAK (15 minutes after cells are plating 
onto the fibronectin) (Lawson et al., 2012). Moreover, siRNA-mediated knock 
down of talin1 does not inhibit the recruitment of FAK to nascent adhesions 
(Lawson et al., 2012). These results may break our conventional ideas that talin is 
always upstream of integrin-linked kinases (Serrels and Frame, 2012). Another 
function of FAK is to promote fibrillogenesis of fibronectin matrix (Ilic et al., 
2004). That FAK-/- cells lack tensin-rich fibrillar adhesions can be explained by 
the impaired fibronectin matrix organization (Ilic et al., 2004). Since 
fibrillogenesis is an essential process in assembling fibrillar adhesions, FAK is 
likely a component in this elongated mature adhesion for effectively regulation of 
fibronectin patterning.   
Although tensins are known to mediate fibrillar adhesions and mature focal 
adhesions, our study paid a special attention to the subcellular localization of 
tensin3 during cell spreading. Moreover, our study put FAK in the context of 
tensin-mediated adhesion, and examined how FAK may influence the assembly 
and localization of tensin3-rich cell-matrix adhesions. 
 
 
II. MATERIALS AND METHODS 
 2.1 Plasmids and antibodies 
GFP-tensin1 and GFP-tensin2 were constructed by cloning the cDNAs into 
PXJ40-GFP vector. GFP-tensin3 was a gift from previous student of Low Boon 
Chuan’s Lab (National University of Singapore). FLAG-DLC1 and FLAG-FAK 
were constructed by cloning the cDNAs of these genes into PXJ40-FLAG vector. 
Phosphorylation mutants of FAK tyrosine 397 was replaced by either glutamic 
acid (phosphomimic) or phenylalanine (non-phosphorylatable) by standardized 
point mutation protocol. The cDNA of tensin3 SH2 domain was sub-cloned into 
PXJ40-GST vector.  
Primary antibodies used in current study were rabbit anti-phosphorylated FAK 
(Y397) and mouse anti-paxillin (BD transduction). Secondary antibodies 
(Invitrogen) were mouse anti-rabbit, conjugated with Alexa Fluor 633, and rabbit 
anti-mouse, conjugated with Alexa Fluor 633. F-actin was stained by Phalloidin, 
conjugated to Alexa Fluor 562.   
2.2 Cell culture, transfection and immunostaining 
The major cell lines in current study were HEK293T, NIH3T3 fibroblast, and 
FAK-null mouse embryonic fibroblast (RPTP). All cells were cultured in DMEM 
medium with L-glutamine and        supplemented with 10% FBS, at 37  in 
a 5%     humidified chamber. For most Co-IP and fluorescent imaging 
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experiments, the chemical transfection using Lipofectamine-2000 (Invitrogen) 
was conducted. For cell spreading studies, Cells were first transfected with 
Lipofectamine-2000 according to manufacturer’s instruction. After overnight 
transfection, the cells were trypsinized, suspended in medium for 5 minutes, and 
replated onto 20 mm round coverslips that were coated with fibronectin (Roche).  
All the cells under immuno-fluorescence studies were washed once in PBS and 
fixed with PFA for 15 min at 37 . After fixation, the cells were washed three 
times with PBS and permeabilized with 0.2% Triton-100 for 5 minutes before 
blocking overnight with 2% BSA + 2% FBS at 4 . Primary (1:300, one hour, 
room temperature) and secondary antibodies (1:500, one hour, room temperature) 
were added in sequence to the blocked cells, with three times extensive wash with 
PBS + 0.1% Triton after each antibody incubation. Coverslips were then mounted 
onto glass slides with anti-fade oil added onto fixed cells to prevent 
photobleaching. 
2.3 Imaging and Image analysis 
All fluorescent images were captured using Nikon A1R confocal microscope 
provided by Mechanobiology Institute (MBI, NUS). Images were acquired by 
Apochromatic 100  objective under immersion oil, with or without an additional 
1.5   magnification. All Images were captured using NIS-Elements AR as 
operating platform, and several Z-steps were superimposed to cover the entire Z-
depth of adhesions. Post processing of images was carried out using ImageJ 
software. To separately analyze focal adhesions and fibrillar adhesions, rectangles 
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were drawn to circle the respective regions. Statistical analyses such as means and 
standard deviations were calculated by Microsoft Excel, and normal distributions 
fitting curves were sketched by OriginPro 8.6. The fluorescent values measured 
by Image-J software were normalized so that intensities from different emitting 
channels would be in a range from 0 to 1.   
2.4 Co-Immunoprecipitation assay 
Wild-type HEK293T epithelial cells in 6-well plate were transfected and cultured 
for 24 hours before lysing in 150 μL NET-N lysis buffer (25mM Tris, 50mM 
NaCl, 0.2mM EDTA, 0.1% Triton X-100, pH8.0), with standard amount of 
sodium orthovanadate, sodium fluoride and protease inhibitor freshly added to 
prevent protein from dephosphorylation and denature. The lysates were clarified 
by centrifugation at 15,000 g for 12 min at 4 . After saving 5% of lysates as the 
whole cell lysates (WCL), the remaining amounts of supernatant were incubated 
with cleaned anti-FLAG M2 beads for two and half hours at 4 . The beads were 
then washed with syringe needle thoroughly but gently for three times with NET-
N lysis buffer. Each wash is composed of two substeps. In step one, 1 mL lysis 
buffer was added into bead-containing Eppendorf tubes and gently swirled for 10 
min at 4 . In step two, the Eppendorf tubes were centrifuged at a rate of 800 rcf 
to sediment the sample bead, and the supernatants were drained by the syringe or 
by the mini water pump. After three times washes, lysis buffer with sodium 
dodecyl sulfate (SDS)-containing loading dye was added into washed sample 
beads. The samples were boiled at 90  for 3 min and loaded to 8% SDS-PAGE 
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for Western Blot. The protein gels were then transferred to nitrocellulose 
membrane, which was then blocked for two hours at 4  in blocking buffer (1% 
BSA in PBS). Primary antibodies against GFP (Santa Cruz, 1: 1,000), FLAG 
(Sigma, 1: 2,000), GST (Homemade from Low Boon Chuan’s Lab, 1: 5,000), or 
talin (Invitrogen, 1: 2,000) that were diluted in blocking buffer were treated to 
respective membranes for overnight at 4 . Secondary antibodies (Invitrogen) 
against mouse, rabbit, or goat diluted in PBST wash buffer (1: 2,000) were treated 
to respective membranes for 45 min in room temperature. The immunoreactive 
bands on membranes were detected by SuperSignal West Pico Luminol Enhancer 
(Thermo Scientific) and exposed to X-ray films (Kodak or Fuji). 
 
2.5 Immunofluorescence 
The coating was done freshly by incubating the coverslips with 10μg/mL 
fibronectin at 37  for 1 hour followed by extensive PBS wash. Fibroblast cells 
were plated onto fibronectin (Roche) –coated coverslips for some intervals (from 
20 min to 36 hours) before fixation. Cells were fixed in 4% paraformaldehyde at 
37  for 15 min, permeabilized in 0.5% Triton X-100 for 10 minutes at room 
temperature, and  blocked in 2% BSA and 2% FBS for overnight at 4 . In 
between each of these steps were two times PBS wash. Primary antibodies (1: 300) 
in a blocking buffer (2% BSA in PBS) were dropped onto UV-exposed parafilm, 
where coverslips were inverted onto the primary antibodies for 1 hour incubation 
at room temperature. After that, coverslips were washed three times in PBS+0.5% 
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Triton X-100 and one time in PBS, and incubated with appropriate secondary 
antibodies (1: 500) in blocking buffer for 1 hour at room temperature. After that, 
coverslips were washed three times in PBS+0.5% Triton X-100 and one time in 
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III. RESULTS 
3.1 Tensins are localized to all three adhesions 
during cell migration 
To examine the localization of tensin-1, -2 and -3 in migrating fibroblasts, NIH 
3T3 cells (a mouse fibroblast line) were transfected with GFP-tagged cDNA of 
tensins and were allowed to settle down on fibronectin for at least 20 hours before 
fixation. Not surprisingly, most tensins were localized to the focal adhesions that 
showed elongated shape and contained FAK (pY397) as a marker for adhesive 
structures (Figure 6, white arrow). The fibrillar adhesions were also detected and 
had a highly elongated strip-like structure (Figure 6, yellow arrow). Tensin-1 and 
-2 partially co-localize with FAK (pY397) at the fibrillar adhesions, but tensin-3 
does not seem to co-localize with FAK (pY397) very well in fibrillar adhesions 
(Figure 6, yellow arrow). Interestingly, all of the tensins appear to be able to 
localize to young adhesions inside lamellipodia as well (Figure 6, blue arrow). 
This observation breaks our traditional understanding that tensins are always 
located to late mature adhesions.  
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Figure 6. The localization of tensins during cell migration 
The localizations of tensin-1, -2 and -3 relatively to FAK (pY397) for 20 hours after 
plating onto the fibronectin. Yellow, white and blue arrows mark fibrillar adhesions, 
focal adhesions, and focal complex, respectively. 
To confirm that tensins and FAK can be in a complex in cell-matrix adhesions, 
co-immunoprecipitation (Co-IP) studies were conducted by transfecting the 
cDNA of GFP-tensins and FLAG-FAK into HEK293T cells. The principle of Co-
IP is to examine whether two proteins are potentially interacting. GFP-tagged 
Deleted in Liver Cancer 1 (DLC1) was chosen as a positive control because 
DLC1 is a known interacting partner with FAK (Li et al., 2011). The immunoblot 
showed that FLAG-tagged FAK was in a complex with DLC1 (Figure 7, left), and 
also in a complex with all three tensins (Figure 7, right). Particularly, the 
interaction of FAK with tensin-3 was stronger than tensin-1 and -2. To simplify 
the story, tensin3 was chosen as the candidate tensin for this study. 
31 | P a g e  
 
 
Figure 7. Co-IP between tensins and FAK 
The Co-IP between FLAG-tagged FAK with GFP-tagged DLC1 (left), and with GFP-
tagged tensin-1, -2, and -3 (right). The top blot showed the Co-IP result, and the middle 
blot is the IP result, and the bottom blot showed the whole cell lysate (WCL).  
 
Paxillin is an adhesion protein that is frequently used as a marker for focal 
complexes and focal adhesions. The main function of paxillin is to promote Rac 
signaling that promotes the turnover of focal adhesions (Zaidel-Bar et al., 2007a). 
In NIH3T3 that were stably transfected with GFP-Tensin3 for more than 20 hours, 
tensin3 and paxillin co-localize perfectly at mature focal adhesions that are 
associated with thick actin stress fibers (Figure 8). In addition, a number of dot-
like tensin3-containing focal complexes were observed in protruding lamellipodia. 
These young adhesions partially co-localize with paxillin (Figure 8, white arrow). 
Together, these images provided strong evidence that tensin3 may play a role at 
early adhesions in addition to mature focal adhesions and fibrillar adhesions 
during cell migration.  




Figure 8. Co-localization of tensins and paxillin 
The localization of GFP-tensin3 (green), endogenous paxillin (violet), and F-actin (red) 
in NIH3T3 for 20 hours plating onto fibronectin. The first three images were double-
merged and the last image was triple-merged. A dot-like focal complex was shown by the 
white arrow.  
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3.2 Tensin3 lies to the front of FAK (pY397) at 
mature focal adhesions 
Focal adhesion kinase (FAK) has long been known as a key mediator of integrin 
signaling and it regulates focal adhesion turnover and actin lamellipodial 
persistence (Mitra et al., 2005; Owen et al., 2007). When FAK binds to β integrins, 
Tyr397 residue of the former is autophosphorylated and serves as an activation 
signal which is essential for most of FAK’s subsequent functions (Golubovskaya 
et al., 2012; Legate and Fassler, 2009). FAK (pY397) is able to interact with the 
SH2 domain of Src, and the activated FAK/Src complex subsequently initiate 
multiple downstream signaling pathways (Qian et al., 2009; Zhao and Guan, 
2011). Our images showed that tensin3 was mostly detected in mature focal 
adhesions during fibroblast migration, where it perfectly co-localized with FAK 
(pY397) (Figure 9). 
  




Figure 9. Position of tensin and FAK in focal adhesions 
Co-localization of tensin3 and FAK (pY397) at mature late adhesions during cell 
migration. The blowup merged image showed the examples of mature focal adhesions 
that were circled by rectangles (orange) for fluorescent intensity measurement.   
 
 To examine the relative positions of tensin3 to FAK (pY397) at mature focal 
adhesions, 30 focal adhesions were randomly selected and measured for 
fluorescent signal profile. The method of measurement is to draw a line from the 
tip of mature focal adhesions to the bottom, and the line width is broadened to an 
area of rectangle in order to cover the entire focal adhesion (Figure 9, blowup 
35 | P a g e  
 
image). The intensity of fluorescent signal along the line was gauged by Image-J 
Software. Among the 30 rectangular focal adhesions, 25 were able to be fitted 
into normal distributions, including ones that are fitted into multiple peaks (Figure 
10A, bottom panel). The length of measured tensin3-cotaining focal adhesion is 
roughly within the range of 7~22 pixels, which corresponds to around 0.8~2.7μm. 
This is in agreement with previous measurement of talin-containing focal 
adhesion of which the lengths fall in between 1~5μm (Choi et al., 2008a). 
Surprisingly, most tensin-mediated focal adhesions displayed a similar pattern 
that the centroid of tensin3 (green curve) lies closer to the cell edge and centroid 
of FAK (pY397) (red curve) lies slightly behind (Figure 10A). This position 
discrepancy was statistically measured and turned out to be significant (Figure 
10B). On average, the centroid of tensin3 was more adjacent to the front than the 
centroid of FAK (pY397) by 223 167.17 nm. 
 































Figure 10. Statistical analysis of relative position of tensin3 and FAK 
(A) The relative positions of GFP-tensin3 (green) and FAK pY397 (red) (left: raw data; 
right: fitted normal distribution). X-axis represents the position of proteins in pixels (a 
pixel   122 nm), and Y-axis represents the normalized intensity of the proteins. The 
origin of X-axis represents the tip position of a mature focal adhesion. Signals are fitted 
into two-peak (bottom) or even three-peak (not shown) normal distribution profiles. The 
dotted lines represent the peak position of tensin3 signal (green) and pFAK signal (red), 
respectively. (B) Statistical quantification of the distance difference between the centroid 
of GFP-tensin3 to the centroid of FAK pY397. The unit of Y-axis is pixel.  
P=1.16522E-07 < 0.001 
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Tensins were initially identified in mature focal adhesions and fibrillar adhesions 
(Zaidel-Bar et al., 2003). In an attempt to examine whether FAK (pY397) 
colocalizes with tensin3 in fibrillar adhesions as well, NIH3T3 cells were 
transfected with GFP-tensin3 for a prolonged time (at least 36 hours) before 
fixation, in a hope to have more fibrillar structures. In a binucleated cell, or a 
dividing cell with two nuclei (Figure 11A), a number of fibrillar adhesions were 
detected. FAK was strongly stained at mature focal adhesions as well as nuclei. 
Nuclear FAK was reported to degrade p53 and GATA4 via ubiquitination, leading 
to increased cell proliferation (Lim et al., 2008a; Lim, 2013). Fifteen focal 
adhesions and five fibrillar adhesions were randomly selected; the fluorescence 
ratio of tensin3 to FAK (pY397) was measured for each of the selected adhesive 
structures (Figure 11A, blowup images). It turned out that the averaged intensity 
ratio of tensin3 to FAK (pY397) in fibrillar adhesions is significantly larger than 
that in mature focal adhesions (Fig 11B). This indicates that as compared to focal 
adhesions, fibrillar adhesions contained remarkably less FAK (pY397). This is in 
accordance with previous study that fibrillar adhesions are short of 
phosphotyrosine (Zaidel-Bar et al., 2007a).  
  












Figure 11. The relative intensity of FAK and tensin3 in different adhesions 
 (A) The relative intensity ratio of GFP-tensin3 to FAK (pY397) at either focal adhesions 
or fibrillar adhesions. The blowup images showed focal adhesions (top) and fibrillar 
adhesions (bottom), respectively. (B) The statistical quantification of the relative 
fluorescent intensity of tensin3 to FAK (pY397) at either focal adhesions or fibrillar 
adhesions. Stars are the average, and crosses are the maximum and minimum.  
P < 0.05 
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3.3 Tensin3 is localized to young adhesions during 
cell spreading 
To a large degree, previous studies around tensins focused on the late stage of 
adhesion maturation, because tensins were initially identified as a central 
molecule in fibrillar adhesions – a supposedly late adhesion temporally following 
the fibrillogenesis of fibronectin (Pankov et al., 2000). However, the function of 
tensin in early spreading cells is never addressed. With an interest to know about 
the behavior of tensin3 in early cell spreading, NIH3T3 fibroblasts stably 
transfected with GFP-tensin3 were starved, trypsinized, and plated onto 
fibronectin-coated coverslips for a short period of time (55 minutes). Since the 
chemical transfection is not very efficient, most of the cells did not show signs of 
successful transfection. For cells that are effectively transfected, most of them 
have established polarity and were in the stage of cell migration, and tensin3 was, 
not surprisingly, located in focal adhesions of these cells (data not shown). Only 
smaller than 5% of cells, however, showed beautiful spreading and tensin3 was 
successfully recruited to the early adhesions (Fig 12A). Judging by the centripetal 
shapes and the circumferential locations of these adhesions, they resemble focal 
complexes. Moreover, these young adhesions are not associated with extensive 
actin filaments at the back, and instead, actins are mostly detected at the cell edge 
inside filopodia-like structures. The active actin polymerization rather than 
contractile bundling presents another phenotype that implies these adhesions are 
not focal adhesions and younger than focal adhesions. Taken together, by 55 
minutes of plating, tensin3 can be efficiently located to focal-complex-like 
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structures during cell spreading on fibronectin. Though we are not sure whether 
the adhesions are focal complexes or nascent adhesions, both their localizations 
and the actin states of the cell indicate that they are emerging adhesions before the 
stage of focal adhesions. We provisionally name it “tensin3-mediated young 
adhesions” for convenience. This observation serves as direct evidence to support 
that the roles of tensin3 are not limited to late adhesions, but may be functionally 
involved in early spreading on fibronectin.  
Intriguingly, FAK (pY397) staining is not obviously detected at the tensin3-rich 
young adhesions, in a great contrast to what is seen in mature focal adhesions. 
There are two possibilities to explain it. The first is that FAK is required for the 
assembly of tensin3-mediated young adhesions, but FAK is not yet 
phosphorylated and activated by 55 minutes, so we are not able to detect non-
phosphorylated FAK using FAK (pY397) antibody. The second possibility is that 
assembly of tensin3-containing young adhesions is not FAK-dependent, so FAK 
may not be required in tensin3-mediated young adhesions.  
In order to test the likelihood of Possibility One, a mutant – FAK Y397F – was 
constructed to mimic the dominant negative form of FAK. The FAK Y397F 
mutant was known to disrupt the association with Src and impair FAK’s ability to 
promote cell migration (Cary et al., 1998). The co-immunoprecipitation study 
showed that wildtype FAK can be in a complex with tensin3 SH2 domain (Figure 
12B), and FAK Y397F, in spite of weaker binding, can also interact with tensin 
SH2 domain (Figure 12C). This suggests that the interaction between tensin3 SH2 
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domain and FAK is independent of the phosphorylation state of Y397, though the 
phosphorylation induces a stronger binding. Thus, considering the fact that FAK 
was one of the earliest molecules recruited to early adhesions (Lawson et al., 
2012), it is likely that at tensin3-mediated young adhesions, non-phosphorylated 
FAK is associated with tensin3. Phosphorylation of Y397 of FAK more likely 
takes place after the assembly of tensin3-mediated young adhesions, so we would 
be able to detect the perfect co-localization between FAK (pY397) and tensin3 at 
mature focal adhesions (Figure 9).   
  


















Figure 12. The localization of tensin3 during cell spreading 
(A) The early spreading of        fibroblasts on FN for 55 minutes. F-actin (red) and 
FAK (pY397) (violet) are stained, respectively. (B) Co-IP of GST-tagged tensin3 SH2 
domain with FLAG-tagged wildtype FAK. (C) Co-IP of GST-tagged tensin3 SH2 domain 
with FLAG-tagged FAK Y397F mutant.  
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3.4 The localization of tensin3 to focal complex is 
impaired in FAK-/- MEF 
The second possibility for the absence of FAK (pY397) in young adhesions is that 
FAK is not required at all for the assembly of tensin3-mediated young adhesions. To 
examine if this is true,        mouse embryonic fibroblasts (MEF) made from 
mouse RPTP cell line was cultured to identify if young adhesions are still assembled 
in the absence of FAK. Phenotypically,        RPTP display much smaller size than 
wild-type RPTP, probably due to their poor spreading capability (Figure 13, right). In 
addition, at a dense condition,        fibroblasts tend to form a dense monolayer of 
rounded cells (Figure 13, right, circled), similar to previous study (Sieg et al., 1999). 
At molecular level, it is noteworthy that FAK-null fibroblasts showed elevated level 
of active RhoA (Ren et al., 2000).  
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Figure 13. Wildtype RPTP and FAK-/- RPTP 
The bright field of wildtype RPTP MEF and        MEF. The scale bar for left image is 
400 μm and for the right image is 200 μm. The cells at dense condition were circled.  
 
       MEFs that were stably transfected with GFP-tensin3 were trypsinized, held 
in suspension, and replated onto fibronectin-coated coverslips for a time span from 20 
minutes to overnight before fixation (Figure 14). Serum-free medium was used to 
synchronize the spreading. Pan-paxillin (total paxillin) was subsequently stained as a 
marker for both early adhesions and mature adhesions (Geiger and Yamada, 2011; 
Lawson et al., 2012; Zaidel-Bar et al., 2007a). By 20 minutes, both paxillin and 
tensin3 are seen around the cell circumference, but show no sign of co-localization 
(Figure 14A, 20min image). A few dot-like tensin3-mediated adhesions were detected 
at the circumference, and might represent nascent adhesions. By 55 minutes, most 
cells are still rounded and have not established the polarity (Figure 14B, 55min 
image). Interestingly, for tensin3 near the cell circumference, the shape does not 
resemble elongated young adhesions as in Figure 12A. Instead, the tensin3 complex 
near circumference assembled into big dotted structures. No F-actin was associated 
with the big dots, and co-localization between tensin3 and paxillin is also not obvious. 
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Moreover, some tensin3-containing adhesions start to emerge at the cell centre by 55 
minutes, a phenotype that is not observed at all in        MEFs (Figure 12A). From 
90 minutes to 180 minutes (Figure 14 C, D&E), there are still no centripetal young 
adhesions around the circumference, but the central tensin3-rich adhesions become 
increasingly elongated. Interestingly, following an overnight spreading and growth, 
however, the shape and orientation of tensin3-containing focal adhesions in        
MEFs became similar to that of        MEFs (Figure 8), suggesting the presence of 
a secondary mechanism that, if offered sufficient time for spreading and migration, 
can bypass FAK signaling and recruit tensin3. Some likely candidates for the 
compensatory mechanism are ECM ligands, or proline-rich tyrosine kinase 2 (Pyk2) 
– a protein that is both sequentially and structurally similar to FAK (Du et al., 2001; 
Schober et al., 2007; Zheng et al., 1998). Importantly, Lim et al have illustrated that 
the level of Pyk2 increases upon loss of FAK in MEF (Lim et al., 2008b). The 
compensatory signaling by Pyk2 may complicate the observation in FAK-null MEF. 
Collectively, these findings suggest the importance of FAK in assembling tensin3-
rich young adhesions. Absence of FAK leads to the formation of large dotted 
circumferential adhesions that are phenotypically distinct from tensin3-mediated 
young adhesions. In addition, a large number of central adhesions arose in        
MEFs for both earlier time (Figure 14 B, C & D) and overnight (Figure 14F). It is 
uncertain whether these central adhesions are fibrillar adhesions or a novel type of 
adhesions, but their emergence is likely linked to hyperactive RhoA in        cells, 
because subcellular RhoA activity enforces actomyosin contractility and stabilizes 
adhesive structures. The function of these central adhesions requires additional 
exploration.  




Figure 14. The localization of tensin3 in FAK-/- MEF 
The recruitment of tensin3 to adhesions in        fibroblasts on fibronectin for a range 
from 20 minutes to overnight. The green, violet and red color represent GFP-tensin3, 
paxillin, F-actins, respectively.  
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IV. DISCUSSION 
4.1 The relationship between talin and tensin 
during cell spreading 
The current study made a special endeavor to look at the subcellular localization 
of tensin3 during cell spreading – a stage supposedly contains only nascent 
adhesions and focal complexes. Since members of tensin family were believed to 
predominate in more mature cell-matrix adhesions, the detection of tensin3 at 
young adhesion inside lamellipodia provided another level of understanding for 
this gigantic integral-actin linker. Previous studies of tensins mostly captured the 
snapshots of adhesions in a period from 90 minutes to 48 hours after replating 
(Pankov et al., 2000; Zamir et al., 2000). Conceivably, through such a long period 
for cell spreading and migration, most of tensin3-rich adhesions have progressed 
to late mature adhesions. In our study, the discovery of tensin3-containing young 
adhesions as early as 55 minutes after plating suggests the presence of a novel 
adhesive structure for cells to spread on fibronectin in addition to talin-mediated 
fibroblast spreading. However, the fact that only less than 5% of the cells in our 
study showed tensin3-rich young adhesions (Figure 12A) might imply that the 
remaining spreading cells still depend on classical talin for spreading. 
Nonetheless, the formal possibility that endogenous tensins, rather than talin, are 
functionally involved in cell spreading in those cells cannot be ruled out.  
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One way to confirm the relationship between talin and tensin in early adhesions is 
to co-immunostain both proteins, or tag both of them with fluorescence molecules, 
during cell spreading. Theoretically speaking, there could be three circumstances 
under microscopy – competition, collaboration, or independent. First, if talin-rich 
focal complexes are not detected in the cells that are rich in tensin-mediated 
young adhesions, or vice versa, these two proteins are probably in a competitive 
relationship for they could not be present inside a same cell. In other words, 
different substrates and external cues trigger the assembly of only one set of 
adhesion types. Second, if two proteins co-localize at early adhesions, then they 
are probably in a same adhesive complex and collaboratively drive cell spreading. 
Strictly speaking, however, this possibility is hardly believable because talin and 
tensin are not even in a functional complex as confirmed by the co-
immunoprecipitation study (Figure 15). A third theoretical observation is that 
both talin and tensin are functionally involved in a single cell during cell 
spreading; however they do not co-localize at the same adhesion, but rather 
individually mediate their own adhesions. This means that two types of young 
adhesions could assemble simultaneously in a same cell, but work independently 
to drive cell spreading. A double transfection of both immunofluorescence-tagged 
talin and tensin into fibroblasts could quickly tell us which possibility is more 
correct.  
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Figure 15. The Co-immunoprecipitation study of talin and tensin 
Co-immunoprecipitation of talin with GFP-tagged DLC1, tensin1, tensin2, tensin3 and 
GFP vector. GFP-tensin2 showed no successful transfection, unfortunately.  
 
4.2 Is there a switch from talin to tensin for all 
types of tensin-mediated adhesions?  
A few years ago, Zhang et al demonstrated that depletion of talin does not prevent 
the initial fibroblast spreading or integrin activation, nonetheless severely affects 
subsequent focal adhesion assembly (Zhang et al., 2008). Wang et al also showed 
that siRNA-mediated knockdown of talin1 failed to recruit vinculin as well as 
some adhesion signaling proteins - FAK, integrin-linked kinase (ILK), and 
paxillin – to the foci; moreover, FAK and paxillin could not be phosphorylated 
and activated in talin-null cells (Wang et al., 2011). Taken together, these results 
seemed to suggest that talin is so indispensable at adhesions and its absence could 
impede the recruitment of various important adhesion molecules and inhibit the 
assembly of major types of adhesions. Therefore, it is intriguing to know whether 
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talin depletion also affects the assembly of tensin-rich adhesions during both cell 
spreading and cell migration. Indeed, the temporal phosphotyrosine switch from 
talin to tensin has been proposed by quite a number of articles to suggest a 
concept of “first talin then tensin” in adhesion formation (McCleverty et al., 2007; 
Oxley et al., 2008; Uhlik et al., 2005). Most of these proposals are from structural 
biology evidence. NMR titration and surface plasmon resonance disclosed that the 
PTB domain of talin is sensitive to NPxY tyrosine phosphorylation of β-integrins 
(Oxley et al., 2008) while the PTB domain of tensins is not (McCleverty et al., 
2007; Uhlik et al., 2005). Thus, NPxY motif phosphorylation may act as a switch 
to determine whether tensins that are numb with the integrin phosphorylation, or 
talins that are sensitive to integrin phosphorylation, associate at the adhesions.  
Put the structural evidence aside, why do cells bother to develop talin-tensin 
switch throughout the evolution? Both previous study and our data hold that 
fibrillar adhesions are not associated with highly bundled actin stress fibers (Katz 
et al., 2000) (Figure 8 and 14A). Therefore tensin-rich fibrillar adhesions likely 
play a signaling role rather than a structural role like focal adhesion. With this 
mindset, one formal explanation for the importance of talin-tensin switch is to 
allow adhesion to switch from a force-bearing structural organelle to a signaling 
organelle. Initial linkage between integrins and actin cytoskeleton requires talin 
and vinculin that are able to withstand intensive forces during cell spreading and 
migration (Legate and Fassler, 2009). Once focal adhesions are formed and the 
system is stabilized, talins may be substituted by tensins, which further interact 
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with DLC1 – a RhoGAP and a tumor suppressor – to reorganize actin filaments, 
or interact with p130Cas or PI3K for other downstream signaling cascades.  
However, the localization of tensin3 to the young adhesions during early 
spreading probably does not undergo a talin-tensin switch, because no bundles of 
actin are detected to facilitate force-dependent transition at such early time. In 
addition, from structural biology angles of view, the reality that tensin can bind to 
both phosphorylated and unphosphorylated integrin tail signifies that tensin may 
associate with non-phosphorylated β-integrin as well. In other words, while the 
talin-tensin switch model may be true upon integrin phosphorylation for fibrillar 
adhesion assembly, there seems no physiological necessity to undergo such a 
switch at earlier time before integrin phosphorylation. A more likely scenario is 
that talin and tensin may even compete for β-integrins before integrin 
phosphorylation because both proteins are theoretically able to bind to non-
phosphorylated integrins. These ideas must be confirmed by molecular biology 
studies. 
In studying tensin-rich young adhesions and tensin-rich focal adhesions, we have 
noticed a clear cut between early adhesions and more mature adhesions in terms 
of functions, positions, and molecular compositions. Early adhesions mainly 
mediate membrane protrusions by involving strong actin polymerizing activity at 
lamellipodia, whereas mature adhesions mainly drive cell body movement by 
incorporating intensive actomyosin contractile activity at lamella. Thus, it appears 
that early adhesions and mature late adhesions should be separately studied 
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despite sharing similar protein components. The fact that FAK recruits talin to 
early adhesions and that talin conversely recruits FAK to mature adhesions is 
another instance to illustrate the importance of differentiating these two stages of 
adhesions (Serrels and Frame, 2012). A scaffold protein called RACK1 functions 
to initiate cell spreading but is absent in mature focal adhesions (de Hoog et al., 
2004; Serrels et al., 2010). RACK1 may represent a marker that distinguishes 
these two stages of adhesions. Zyxin, the potent focal adhesion marker, can also 
be used.  
 
4.3. Depletion of tensins: a burning study to answer 
critical questions 
A dire question now is how essential are tensins and tensin-mediated adhesions in 
regulating cell migration and other related processes. Moreover, it is still not 
known how tensin-rich focal adhesions as well as young adhesions described in 
our study are fundamentally distinct from talin-rich adhesions. Both questions 
cannot be addressed until we are able to deplete all the tensins and examine how 
the depletion affects the cell spreading or migration and how it could alter the 
assembly of talin-rich adhesions. However, because of the technical difficulty to 
deplete three gigantic proteins in one go (too many shRNAs and siRNAs are 
needed), only few studies were trying to knock down one or two tensins. The only 
depletion study was conducted by Clark et al, but their focus of study was on 
matrix rather than intracellular behavior. They showed that a combined 
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knockdown of all three tensins had no effect on fibronectin matrix assembly 
(Clark et al., 2010). Individual knockdown of tensins were also done by a few 
researchers. Knockdown of tensin2 in human foreskin fibroblasts (HFF) 
substantially reduces the ability of cells to contract collagen substrate, and this 
inhibition was associated with hyperactive DLC1 and suppressed Rho activity 
(Clark et al., 2010). Knock down of tensin3 was done by Katz et al and they 
showed that depletion of tensin3 or cten, respectively, enhances or impairs 
mammary cell migration; upon EGF induction, a transcriptional tensin3-cten 
switch at cytoplasmic tail of β
 
 integrin contributed to the metastasis of mammary 
cancer (Katz et al., 2007). Therefore, an article boldly claimed that tensin relief 
from integrins may facilitate cell migration (Pylayeva and Giancotti, 2007). Taken 
together, these knockdown studies basically demonstrate the roles of tensins in 
modulating substrate contractility and impacting on cell migration. However, a 
combined knockdown/knockout of all three tesins is still necessary, because the 
answer to this question may provide direct hints on many critical biological 
problems such as the essentiality of tensin-mediated adhesions and the distinctive 
functions of tensins of which talin and filamin cannot take the place.  
 
4.4 Does FAK directly recruit tensin3 during cell 
spreading? 
In this study, we have identified by co-IP that SH2 domain of tensin3 is a binding 
site for FAK in cell line, and identified by imaging that in        MEFs tensin3 
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localizes miserably to focal contacts. Both of these findings suggest the 
importance of FAK in the formation of tensin3-rich young adhesions during cell 
spreading. However, we are still unsure whether the impaired recruitment of 
tensin3 in FAK-null is a result of lacking direct binding between tensin3 and FAK, 
or due to a secondary response of cells that are born with spreading defects. One 
way to tackle the problem is to construct a mutant of tensin3 in SH2 domain 
which loses the ability for FAK binding but retain the ability to bind β integrins. 
If the mutant is incapable of being recruited to early adhesions in         
fibroblasts, then the direct binding between FAK and tensin3 must be essential; if 
the mutant could still be situated at early adhesions, then the direct interaction 
between these two molecules must be destined for other purposes rather than 
recruiting. This will be one of our major future studies. Besides, tyrosine 
phosphorylated SH2 domain of tensin3 not only binds to FAK, but also binds to 
Src, p130Cas, DLC1 and other ligands (Qian et al., 2009). As FAK and Src 
frequently form a complex for its function, it is intriguing to know if Src is 
essential for the biological function of tensin3. Src inhibitors can be used to 
answer this question. 
 
4.5 The shape of tensin3 at focal adhesion is not 
stretched 
We observed that centroid of tensin3 signal is significantly ahead of centroid of 
FAK in mature focal adhesion. This indicates that structure of tensin3 is probably 
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not fully stretched as sketched below (Figure 16). The reason is that in our study 
GFP is tagged to the N-terminal Actin Binding Domain of tensin3, and FAK 
binds to C-terminal SH2 domain of tensin3. If the structure of tensin3 is 
diagonally stretched with C-terminal binding to β-integrin and N-terminal being 
pulled by actomyosin, the GFP signal should be behind FAK signal (Figure 16). 
But our observation is the opposite. Thus, a good explanation is that the three-
dimensional structure of tensin3 at mature focal adhesion is not as simple as a 
linearly stretched protein. Most likely some higher-order bending or 
oligomerizations of tensin3 are involved to make GFP signal at the front. One 
way to gain more insights is to tag GFP to C-terminal of tensin3 and measure the 
relative position of tensin3 to FAK (pY397). Another way is to use high-
resolution microscope such as three dimensional interferometric photo-activated 
localization microscopy (iPLAM) as illustrated by Kanchanawong et al 
(Kanchanawong et al., 2010). The technique permits the direct visualization of 
nanoscale integrin-containing cell-matrix adhesion architecture both vertically 
and from the side (Kanchanawong et al., 2010). With this advanced technique, the 
unraveling of the orientation of tensin becomes only a matter of time. 
  
56 | P a g e  
 
 
Figure 16. The tradition understanding of the orientation of tensins 
The traditional but inappropriate model of how tensin is shaped and oriented. 
 
4.6 molecular characteristics that distinguish 
different adhesion types 
Tensin used to be treated as a marker for fibrillar adhesions, as it was the key 
molecule in fibrillar adhesions mediating the integrin-actin connections. However, 
increasing number of studies started to realize that tensin may localize to other 
adhesion structures, such as focal adhesions, as well. So strictly speaking, 
choosing tensin as a marker for fibrillar adhesions is not proper. In addition to 
focal adhesion, our study even extended the “sphere of influence” of tensin to 
young adhesions during both cell migration and early cell spreading. Thus, to 
study fibrillar adhesions, some other molecular characteristics, rather than tensin, 
should be used to differentiate fibrillar adhesions from other types of adhesions. A 
few of candidates would be integrin pairs, extracellular fibronectin (FN), paxillin 
phosphorylation, and adhesion locations and shapes (Table 1).   
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Table 1. The molecular distinction between focal adhesions and fibrillar adhesions 
The molecular characteristics of focal adhesions and fibrillar adhesions that can be used to 
differentiate these two types of adhesions. 
 
A typical focal adhesion links to ECM compounds via α β  integrins, whereas 
fibrillar adhesions utilize α β  integrins as an anchor. Thus, differential staining 
of α β  and α β integrins could specifically identify focal adhesions and fibrillar 
adhesions, respectively (Zamir and Geiger, 2001). The selective enrichment of 
different pairs of integrins in different types of adhesions also suggests a 
functional difference of two types of adhesions. The presence of matrix 
fibronectin fibrils is another difference. Fibronectin fibrils in ECM are primarily 
associated with tensin-rich fibrillar adhesions. In fact, formation of fibronectin 
fibril is a unique feature of fibrillar adhesions but not others. However, using 
extracellular fibronectin fibrils as a marker for requires technical meticulousness, 
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as staining of endogenous fibronectin frequently complicate the detection. Paxillin 
tyrosine phosphorylation is another marker to differentiate two types of adhesions. 
Dot-like nascent adhesions and focal complexes at cell’s leading edge usually 
display strong paxillin phosphorylation, whereas the same pattern of 
phosphorylated paxillin (Tyr31 and Tyr118) is not observed in fibrillar adhesions 
(Zaidel-Bar et al., 2007a). Focal adhesions demonstrate a level of paxillin 
phosphorylation in between focal complexes and fibrillar adhesions (Zaidel-Bar et 
al., 2007a). Earlier studies also showed that focal adhesions contain significantly 
higher level of tyrosine phosphorylation than that of fibrillar adhesions, evident 
through “fluorescent ratio imaging” (Katz et al., 2000; Zamir et al., 1999). Since 
tyrosine phosphorylation of paxillin is known to promote adhesion turnover, 
fibrillar adhesions that contain little paxillin phosphorylation is presumably a 
more stable structure than focal adhesions. Likewise, focal adhesion is 
considerably more stable than focal complexes as latter displays strongest paxillin 
phosphorylation. Physical characteristics such as localizations and shapes are also 
used to differentiate adhesions. Mature focal adhesions are frequently detected at 
the ends of stress fibers with oval, peripheral appearance, while fibrillar adhesions 
are located at a relatively central location of cells with a highly elongated string-
like shape.  
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4.7 The function of FAK phosphorylation on 
tensin3-rich adhesions 
Lastly, our data illustrate that tensin3 is able to bind Y397F mutant of FAK 
indifferently from that of wildtype FAK (Fig 12C). In addition, tensin3-rich 
young adhesions during cell spreading did not co-localize with FAK (pY397) well 
(Figure 12A), whereas tensin3-rich focal adhesions co-localized with FAK 
(pY397) perfectly (Fig 9). All of these findings imply that phosphorylation and 
activation of Tyr397 occurs after tensin3’s association to the adhesions. This 
raises a few intriguing questions such as whether or not FAK could be directly 
activated by tensin3, and what is the biological importance of FAK 
phosphorylation in regulating tensin3-rich adhesions. To address the problem, the 
rescue studies by transfecting FAK mCherry-Y397E mutant (a constitutive active 
mutant) or FAK mCherry-Y297F mutant into FAK-null fibroblasts might provide 
us some hints. Besides, the co-immunoprecipitation study between Y397E FAK 
and tensin3 can be conducted to check if there is any change in binding efficiency. 
Both of these novel ideas are on the way to be tested.  
 
4.8 Conclusion 
Our study discussed the subcellular localization of a less-admired cell-matrix 
protein – tensin3, and extended its function from late mature adhesions to early 
adhesions during cell spreading. FAK seems to be important for the proper 
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localization of tensin3 to the early adhesions but has little effect on focal 
adhesions. Moreover, tensin3 is able to interact with inactive form of FAK 
(Y397F) indifferently from wildtype FAK; how FAK phosphorylation affects the 
dynamics of tensin3-rich adhesions is not known. Although our study provided 
several novel insights of tensin3-mediated adhesions, a lot of questions remain 
elusive and wait to be answered. For instance, the distinction between talin-rich 
and tensin-rich adhesions in assisting cell spreading, the molecular orientation and 
oligomerization state of tensin at adhesions, and the physiological importance of 
evolving tensin, in addition to talin, as a direct integral-actin linker. 
Understanding these questions could profoundly unravel new molecular 
mechanisms in regulating cell-matrix adhesions and cell migration, and 
potentially provide novel directions to tackle migration-related human conditions 
like cancer metastasis, wound healing and embryonic development.   




Albiges-Rizo, C., Destaing, O., Fourcade, B., Planus, E., Block, M.R., 2009. 
Actin machinery and mechanosensitivity in invadopodia, podosomes and focal 
adhesions. Journal of Cell Science 122, 3037-3049. 
Balaban, N.Q., Schwarz, U.S., Riveline, D., Goichberg, P., Tzur, G., Sabanay, I., 
Mahalu, D., Safran, S., Bershadsky, A., Addadi, L., Geiger, B., 2001. Force and 
focal adhesion assembly: a close relationship studied using elastic micropatterned 
substrates. Nature Cell Biology 3, 466-472. 
Ballestrem, C., Hinz, B., Imhof, B.A., Wehrle-Haller, B., 2001. Marching at the 
front and dragging behind: differential alpha-V beta 3-integrin turnover regulates 
focal adhesion behavior. J. Cell Biol. 155, 1319-1332. 
Bershadsky, A., Kozlov, M., Geiger, B., 2006. Adhesion-mediated 
mechanosensitivity: a time to experiment, and a time to theorize. Curr Opin Cell 
Biol 18, 472-481. 
Cai, X.M., Lietha, D., Ceccarelli, D.F., Karginov, A.V., Rajfur, Z., Jacobson, K., 
Hahn, K.M., Eck, M.J., Schaller, M.D., 2008. Spatial and temporal regulation of 
focal adhesion kinase activity in living cells. Mol Cell Biol 28, 201-214. 
Calderwood, D.A., Zent, R., Grant, R., Rees, D.J.G., Hynes, R.O., Ginsberg, 
M.H., 1999. The talin head domain binds to integrin beta subunit cytoplasmic tails 
and regulates integrin activation. J. Biol. Chem. 274, 28071-28074. 
Calderwood, D.A., Fujioka, Y., de Pereda, J.M., Garcia-Alvarez, B., Nakamoto, 
T., Margolis, B., McGlade, C.J., Liddington, R.C., Ginsberg, M.H., 2003. Integrin 
beta cytoplasmic domain interactions with phosphotyrosine-binding domains: A 
structural prototype for diversity in integrin signaling. Proceedings of the National 
Academy of Sciences of the United States of America 100, 2272-2277. 
Campbell, I.D., Ginsberg, M.H., 2004. The talin-tail interaction places integrin 
activation on FERM ground. Trends in Biochemical Sciences 29, 429-435. 
Cao, X., Voss, C., Zhao, B., Kaneko, T., Li, S.S.-C., 2012. Differential regulation 
of the activity of deleted in liver cancer 1 (DLC1) by tensins controls cell 
migration and transformation. Proceedings of the National Academy of Sciences 
of the United States of America 109, 1455-1460. 
Cary, L.A., Chang, J.F., Guan, J.L., 1996. Stimulation of cell migration by 
overexpression of focal adhesion kinase and its association with Src and Fyn. 
Journal of Cell Science 109, 1787-1794. 
62 | P a g e  
 
Cary, L.A., Han, D.C., Polte, T.R., Hanks, S.K., Guan, J.L., 1998. Identification 
of p130(Cas) as a mediator of focal adhesion kinase-promoted cell migration. J. 
Cell Biol. 140, 211-221. 
Cau, J.L., Hall, A., 2005. Cdc42 controls the polarity of the actin and microtubule 
cytoskeletons through two distinct signal transduction pathways. Journal of Cell 
Science 118, 2579-2587. 
Chan, L.K., Ko, F.C.F., Ng, I.O.L., Yam, J.W.P., 2009. Deleted in Liver Cancer 1 
(DLC1) Utilizes a Novel Binding Site for Tensin2 PTB Domain Interaction and Is 
Required for Tumor-Suppressive Function. PLoS One 4. 
Chen, H.Y., Lo, S.H., 2003. Regulation of tensin-promoted cell migration by its 
focal adhesion binding and Src homology domain 2. Biochemical Journal 370, 
1039-1045. 
Chen, H.Y., Duncan, I.C., Bozorgchami, H., Lo, S.H., 2002. Tensin1 and a 
previously undocumented family member, tensin2, positively regulate cell 
migration. Proceedings of the National Academy of Sciences of the United States 
of America 99, 733-738. 
Chen, L.H., Liu, C.D., Ko, F.C.F., Xu, N.N., Ng, I.O.L., Yam, J.W.P., Zhu, G., 
2012. Solution Structure of the Phosphotyrosine Binding (PTB) Domain of 
Human Tensin2 Protein in Complex with Deleted in Liver Cancer 1 (DLC1) 
Peptide Reveals a Novel Peptide Binding Mode. J. Biol. Chem. 287, 26104-26114. 
Chiang, M.-K., Liao, Y.-C., Kuwabara, Y., Lo, S.H., 2005. Inactivation of tensin3 
in mice results in growth retardation and postnatal lethality. Developmental 
Biology 279, 368-377. 
Choi, C.K., Vicente-Manzanares, M., Zareno, J., Whitmore, L.A., Mogilner, A., 
Horwitz, A.R., 2008a. Actin and alpha-actinin orchestrate the assembly and 
maturation of nascent adhesions in a myosin II motor-independent manner. 
Nature Cell Biology 10, 1039-U1036. 
Choi, C.K., Vicente-Manzanares, M., Zareno, J., Whitmore, L.A., Mogilner, A., 
Horwitz, A.R., 2008b. Actin and alpha-actinin orchestrate the assembly and 
maturation of nascent adhesions in a myosin II motor independent manner. Febs J 
275, 39-39. 
Clark, K., Howe, J.D., Pullar, C.E., Green, J.A., Artym, V.V., Yamada, K.M., 
Critchley, D.R., 2010. Tensin 2 Modulates Cell Contractility in 3D Collagen Gels 
Through the RhoGAP DLC1. J Cell Biochem 109, 808-817. 
Critchley, D.R., 2004. Cytoskeletal proteins talin and vinculin in integrin-
mediated adhesion. Biochemical Society Transactions 32, 831-836. 
63 | P a g e  
 
Critchley, D.R., Gingras, A.R., 2008. Talin at a glance. Journal of Cell Science 
121, 1345-1347. 
Cui, Y.M., Liao, Y.C., Lo, S.H., 2004. Epidermal growth factor modulates 
tyrosine phosphorylation of a novel tensin family member, tensin3. Molecular 
Cancer Research 2, 225-232. 
Dai, K., Liao, S.H., Zhang, J.H., Zhang, X.C., Tu, X.M., 2011. Solution Structure 
of Tensin2 SH2 Domain and Its Phosphotyrosine-Independent Interaction with 
DLC-1. PLoS One 6. 
de Hoog, C.L., Foster, L.J., Mann, M., 2004. RNA and RNA binding proteins 
participate in early stages of cell spreading through spreading initiation centers. 
Cell 117, 649-662. 
del Rio, A., Perez-Jimenez, R., Liu, R.C., Roca-Cusachs, P., Fernandez, J.M., 
Sheetz, M.P., 2009. Stretching Single Talin Rod Molecules Activates Vinculin 
Binding. Science 323, 638-641. 
Du, Q.S., Ren, X.R., Xie, Y., Wang, Q., Mei, L., Xiong, W.C., 2001. Inhibition of 
PYK2-induced actin cytoskeleton reorganization, PYK2 autophosphorylation and 
focal adhesion targeting by FAK. Journal of Cell Science 114, 2977-2987. 
Dubin-Thaler, B.J., Hofman, J.M., Cai, Y.F., Xenias, H., Spielman, I., Shneidman, 
A.V., David, L.A., Dobereiner, H.G., Wiggins, C.H., Sheetz, M.P., 2008. 
Quantification of Cell Edge Velocities and Traction Forces Reveals Distinct 
Motility Modules during Cell Spreading. PLoS One 3. 
Durkin, M.E., Yuan, B.Z., Zhou, X., Zimonjic, D.B., Lowy, D.R., Thorgeirsson, 
S.S., Popescu, N.C., 2007. DLC-1: a Rho GTPase-activating protein and tumour 
suppressor. Journal of Cellular and Molecular Medicine 11, 1185-1207. 
Etienne-Manneville, S., Hall, A., 2001. Integrin-mediated activation of Cdc42 
controls cell polarity in migrating astrocytes through PKC zeta. Cell 106, 489-498. 
Fardin, M.A., Rossier, O.M., Rangamani, P., Avigan, P.D., Gauthier, N.C., 
Vonnegut, W., Mathur, A., Hone, J., Iyengar, R., Sheetz, M.P., 2010. Cell 
spreading as a hydrodynamic process. Soft Matter 6, 4788-4799. 
Franco, S.J., Rodgers, M.A., Perrin, B.J., Han, J.W., Bennin, D.A., Critchley, 
D.R., Huttenlocher, A., 2004. Calpain-mediated proteolysis of talin regulates 
adhesion dynamics. Nature Cell Biology 6, 977-+. 
Galbraith, C.G., Yamada, K.M., Galbraith, J.A., 2007. Polymerizing actin fibers 
position integrins primed to probe for adhesion sites. Science 315, 992-995. 
64 | P a g e  
 
Gallant, N.D., Michael, K.E., Garcia, A.J., 2005. Cell adhesion strengthening: 
Contributions of adhesive area, integrin binding, and focal adhesion assembly. 
Molecular Biology of the Cell 16, 4329-4340. 
Gardel, M.L., Schneider, I.C., Aratyn-Schaus, Y., Waterman, C.M., 2010. 
Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration. In: 
Schekman, R., Goldstein, L., Lehmann, R. (Eds.), Annual Review of Cell and 
Developmental Biology, Vol 26, pp. 315-333. 
Geiger, B., Yamada, K.M., 2011. Molecular Architecture and Function of Matrix 
Adhesions. Cold Spring Harbor Perspectives in Biology 3. 
Geiger, B., Spatz, J.P., Bershadsky, A.D., 2009. Environmental sensing through 
focal adhesions. Nature Reviews Molecular Cell Biology 10, 21-33. 
Gimona, M., Buccione, R., Courtneidge, S.A., Linder, S., 2008. Assembly and 
biological role of podosomes and invadopodia. Curr Opin Cell Biol 20, 235-241. 
Gingras, A.R., Bate, N., Goult, B.T., Hazelwood, L., Canestrelli, I., Grossmann, 
J.G., Liu, H., Putz, N.S.M., Roberts, G.C.K., Volkmann, N., Hanein, D., 
Barsukov, I.L., Critchley, D.R., 2008. The structure of the C-terminal actin-
binding domain of talin. Embo Journal 27, 458-469. 
Golubovskaya, V.M., Cance, W., 2010. Focal Adhesion Kinase and p53 signal 
transduction pathways in cancer. Frontiers in Bioscience-Landmark 15, 901-912. 
Golubovskaya, V.M., Figel, S., Ho, B.T., Johnson, C.P., Yemma, M., Huang, G., 
Zheng, M., Nyberg, C., Magis, A., Ostrov, D.A., Gelman, I.H., Cance, W.G., 
2012. A small molecule focal adhesion kinase (FAK) inhibitor, targeting Y397 
site: 1-(2-hydroxyethyl)-3, 5, 7-triaza-1-azoniatricyclo 3.3.1.1(3,7) decane; 
bromide effectively inhibits FAK autophosphorylation activity and decreases 
cancer cell viability, clonogenicity and tumor growth in vivo. Carcinogenesis 33, 
1004-1013. 
Goodison, S., Yuan, G., Sloan, D., Kim, R., Li, C., Popescu, N.C., Urquidi, V., 
2005. The RhoGAP protein DLC-1 functions as a metastasis suppressor in breast 
cancer cells. Cancer Research 65, 6042-6053. 
Gupton, S.L., Gertler, F.B., 2007. Filopodia: the fingers that do the walking. Sci 
STKE 2007, re5. 
Han, D.C., Shen, T.L., Guan, J.L., 2000. Role of Grb7 targeting to focal contacts 
and its phosphorylation by focal adhesion kinase in regulation of cell migration. J. 
Biol. Chem. 275, 28911-28917. 
Hatten, M.E., 2002. Neuroscience - New directions in neuronal migration. 
Science 297, 1660-1663. 
65 | P a g e  
 
Healy, K.D., Hodgson, L., Kim, T.Y., Shutes, A., Maddileti, S., Juliano, R.L., 
Hahn, K.M., Harden, T.K., Bang, Y.J., Der, C.J., 2008. DLC-1 suppresses non-
small cell lung cancer growth and invasion by RhoGAP-dependent and 
independent mechanisms. Mol Carcinogen 47, 326-337. 
Hemmings, L., Rees, D.J.G., Ohanian, V., Bolton, S.J., Gilmore, A.P., Patel, B., 
Priddle, H., Trevithick, J.E., Hynes, R.O., Critchley, D.R., 1996. Talin contains 
three actin-binding sites each of which is adjacent to a vinculin-binding site. 
Journal of Cell Science 109, 2715-2726. 
Hood, J.D., Cheresh, D.A., 2002. Role of integrins in cell invasion and migration. 
Nat Rev Cancer 2, 91-+. 
Hotulainen, P., Lappalainen, P., 2006. Stress fibers are generated by two distinct 
actin assembly mechanisms in motile cells. J. Cell Biol. 173, 383-394. 
Humphries, J.D., Wang, P., Streuli, C., Geiger, B., Humphries, M.J., Ballestrem, 
C., 2007. Vinculin controls focal adhesion formation by direct interactions with 
talin and actin. J. Cell Biol. 179, 1043-1057. 
Hynes, R.O., 2002. Integrins: Bidirectional, allosteric signaling machines. Cell 
110, 673-687. 
Ilic, D., Kovacic, B., Johkura, K., Schlaepfer, D.D., Tomasevic, N., Han, Q., Kim, 
J.B., Howerton, K., Baumbusch, C., Ogiwara, N., Streblow, D.N., Nelson, J.A., 
Dazin, P., Shino, Y., Sasaki, K., Damsky, C.H., 2004. FAK promotes 
organization of fibronectin matrix and fibrillar adhesions. Journal of Cell Science 
117, 177-187. 
Illc, D., Furuta, Y., Kanazawa, S., Takeda, N., Sobue, K., Nakatsuji, N., Nomura, 
S., Fujimoto, J., Okada, M., Yamamoto, T., Aizawa, S., 1995. REDUCED SELL 
MOTILITY AND ENHANCED FOCAL ADHESION CONTACT 
FORMATION IN CELLS FROM FAK-DEFICIENT MICE. Nature 377, 539-544. 
Kanchanawong, P., Shtengel, G., Pasapera, A.M., Ramko, E.B., Davidson, M.W., 
Hess, H.F., Waterman, C.M., 2010. Nanoscale architecture of integrin-based cell 
adhesions. Nature 468, 580-U262. 
Katz, B.Z., Zamir, E., Bershadsky, A., Kam, Z., Yamada, K.M., Geiger, B., 2000. 
Physical state of the extracellular matrix regulates the structure and molecular 
composition of cell-matrix adhesions. Molecular Biology of the Cell 11, 1047-
1060. 
Katz, M., Amit, I., Citri, A., Shay, T., Carvalho, S., Lavi, S., Milanezi, F., Lyass, 
L., Amariglio, N., Jacob-Hirsch, J., Ben-Chetrit, N., Tarcic, G., Lindzen, M., 
Avraham, R., Liao, Y.-C., Trusk, P., Lyass, A., Rechavi, G., Spector, N.L., Lo, 
66 | P a g e  
 
S.H., Schmitt, F., Bacus, S.S., Yarden, Y., 2007. A reciprocal tensin-3-cten switch 
mediates EGF-driven mammary cell migration. Nature Cell Biology 9, 961-U124. 
Keller, R., 2005. Cell migration during gastrulation. Curr Opin Cell Biol 17, 533-
541. 
Kiyokawa, E., Hashimoto, Y., Kobayashi, S., Sugimura, H., Kurata, T., Matsuda, 
M., 1998. Activation of Rac1 by a Crk SH3-binding protein, DOCK180. Gene 
Dev 12, 3331-3336. 
Klambt, C., 2009. Modes and regulation of glial migration in vertebrates and 
invertebrates. Nature Reviews Neuroscience 10, 769-U725. 
Lahoz, A., Hall, A., 2008. DLC1: a significant GAP in the cancer genome. Gene 
Dev 22, 1724-1730. 
Lawson, C., Lim, S.T., Uryu, S., Chen, X.L., Calderwood, D.A., Schlaepfer, D.D., 
2012. FAK promotes recruitment of talin to nascent adhesions to control cell 
motility. J. Cell Biol. 196, 223-232. 
Legate, K.R., Fassler, R., 2009. Mechanisms that regulate adaptor binding to beta-
integrin cytoplasmic tails. Journal of Cell Science 122, 187-198. 
Li, G.R., Du, X.L., Vass, W.C., Papageorge, A.G., Lowy, D.R., Qian, X.L., 2011. 
Full activity of the deleted in liver cancer 1 (DLC1) tumor suppressor depends on 
an LD-like motif that binds talin and focal adhesion kinase (FAK). Proceedings of 
the National Academy of Sciences of the United States of America 108, 17129-
17134. 
Liao, Y.C., Si, L.Z., White, R.W.D., Lo, S.H., 2007. The phosphotyrosine-
independent interaction of DLC-1 and the SH2 domain of cten regulates focal 
adhesion localization and growth suppression activity of DLC-1. J. Cell Biol. 176, 
43-49. 
Lietha, D., Cai, X.M., Ceccarelli, D.F.J., Li, Y.Q., Schaller, M.D., Eck, M.J., 
2007. Structural basis for the autoinhibition of focal adhesion kinase. Cell 129, 
1177-1187. 
Lim, S.T., Chen, X.L., Lim, Y., Hanson, D.A., Vo, T.T., Howerton, K., Larocque, 
N., Fisher, S.J., Schlaepfer, D.D., Ilic, D., 2008a. Nuclear FAK promotes cell 
proliferation and survival through FERM-enhanced p53 degradation. Mol Cell 29, 
9-22. 
Lim, S.T.S., 2013. Nuclear FAK: a new mode of gene regulation from cellular 
adhesions. Molecules and Cells 36, 1-6. 
67 | P a g e  
 
Lim, Y., Lim, S.T., Tomar, A., Gardel, M., Bernard-Trifilo, J.A., Chen, X.L., 
Uryu, S.A., Canete-Soler, R., Zhai, J., Lin, H., Schlaepfer, W.W., Nalbant, P., 
Bokoch, G., Ilic, D., Waterman-Storer, C., Schlaepfer, D.D., 2008b. PyK2 and 
FAK connections to p190Rho guanine nucleotide exchange factor regulate RhoA 
activity, focal adhesion formation, and cell motility. J. Cell Biol. 180, 187-203. 
Lo, S.H., 2004. Tensin. Int J Biochem Cell Biol 36, 31-34. 
Lo, S.H., Yu, Q.C., Degenstein, L., Chen, L.B., Fuchs, E., 1997. Progressive 
kidney degeneration in mice lacking tensin. J Cell Biol 136, 1349-1361. 
Lock, J.G., Wehrle-Haller, B., Stromblad, S., 2008. Cell-matrix adhesion 
complexes: Master control machinery of cell migration. Seminars in Cancer 
Biology 18, 65-76. 
Margadant, F., Chew, L.L., Hu, X., Yu, H., Bate, N., Zhang, X., Sheetz, M., 2011. 
Mechanotransduction In Vivo by Repeated Talin Stretch-Relaxation Events 
Depends upon Vinculin. Plos Biology 9. 
Martuszewska, D., Ljungberg, B., Johansson, M., Landberg, G., Oslakovic, C., 
Dahlback, B., Hafizi, S., 2009. Tensin3 Is a Negative Regulator of Cell Migration 
and All Four Tensin Family Members Are Downregulated in Human Kidney 
Cancer. PLoS One 4. 
McCleverty, C.J., Lin, D.C., Liddington, R.C., 2007. Structure of the PTB domain 
of tensin1 and a model for its recruitment to fibrillar adhesions. Protein Science 
16, 1223-1229. 
McLean, G.W., Carragher, N.O., Avizienyte, E., Evans, J., Brunton, V.G., Frame, 
M.C., 2005. The role of focal-adhesion kinase in cancer. A ew therapeutic 
opportunity. Nat Rev Cancer 5, 505-515. 
Mitra, S.K., Hanson, D.A., Schlaepfer, D.D., 2005. Focal adhesion kinase: In 
command and control of cell motility. Nature Reviews Molecular Cell Biology 6, 
56-68. 
Monkley, S.J., Zhou, X.H., Kinston, S.J., Giblett, S.M., Hemmings, L., Priddle, 
H., Brown, J.E., Pritchard, C.A., Critchley, D.R., Fassler, R., 2000. Disruption of 
the talin gene arrests mouse development at the gastrulation stage. Developmental 
Dynamics 219, 560-574. 
Nishino, T., Sasaki, N., Chihara, M., Nagasaki, K., Torigoe, D., Kon, Y., Agui, T., 
2012. Distinct Distribution of the Tensin Family in the Mouse Kidney and Small 
Intestine. Exp. Anim. 61, 525-532. 
68 | P a g e  
 
Nobes, C.D., Hall, A., 1995. Rho, Rac, and Cdc42 Gtpases Regulate the 
Assembly of Multimolecular Focal Complexes Associated with Actin Stress 
Fibers, Lamellipodia, and Filopodia. Cell 81, 53-62. 
Owen, K.A., Pixley, F.J., Thomas, K.S., Vicente-Manzanares, M., Ray, B.J., 
Horwitz, A.F., Parsons, J.T., Beggs, H.E., Stanley, E.R., Bouton, A.H., 2007. 
Regulation of lamellipodial persistence, adhesion turnover, and motility in 
macrophages by focal adhesion kinase. J. Cell Biol. 179, 1275-1287. 
Oxley, C.L., Anthis, N.J., Lowe, E.D., Vakonakis, I., Campbell, I.D., Wegener, 
K.L., 2008. An integrin phosphorylation switch - The effect of beta 3 integrin tail 
phosphorylation on Dok1 and talin binding. J. Biol. Chem. 283, 5420-5426. 
Panetti, T.S., 2002. Tyrosine phosphorylation of paxillin, FAK, and p130CAS: 
Effects on cell spreading and migration. Front Biosci 7, D143-D150. 
Pankov, R., Cukierman, E., Katz, B.Z., Matsumoto, K., Lin, D.C., Lin, S., Hahn, 
C., Yamada, K.M., 2000. Integrin dynamics and matrix assembly: Tensin-
dependent translocation of alpha(5)beta(1) integrins promotes early fibronectin 
fibrillogenesis. J. Cell Biol. 148, 1075-1090. 
Papp, S., Fadel, M.P., Opas, M., 2007. Dissecting focal adhesions in cells 
differentially expressing calreticulin: a microscopy study. Biology of the Cell 99, 
389-402. 
Parsons, J.T., Horwitz, A.R., Schwartz, M.A., 2010. Cell adhesion: integrating 
cytoskeletal dynamics and cellular tension. Nature Reviews Molecular Cell 
Biology 11, 633-643. 
Parsons, J.T., Slack-Davis, J., Tilghman, R., Roberts, W.G., 2008. Focal adhesion 
kinase: Targeting adhesion signaling pathways for therapeutic intervention. 
Clinical Cancer Research 14, 627-632. 
Pollard, T.D., Borisy, G.G., 2003. Cellular Motility Driven by Assembly and 
Disassembly of Actin Filaments. Cell 113, 549. 
Pylayeva, Y., Giancotti, F.G., 2007. Tensin relief facilitates migration. Nature 
Cell Biology 9, 877-879. 
Qian, X., Li, G., Vass, W.C., Papageorge, A., Walker, R.C., Asnaghi, L., 
Steinbach, P.J., Tosato, G., Hunter, K., Lowy, D.R., 2009. The Tensin-3 protein, 
including its SH2 domain, is phosphorylated by Src and contributes to 
tumorigenesis and metastasis. Cancer Cell 16, 246-258. 
Qian, X.L., Li, G.R., Asmussen, H.K., Asnaghi, L., Vass, W.C., Braverman, R., 
Yamada, K.M., Popescu, N.C., Papageorge, A.G., Lowy, D.R., 2007. Oncogenic 
inhibition by a deleted in liver cancer gene requires cooperation between tensin 
69 | P a g e  
 
binding and Rho-specific GTPase-activating protein activities. Proceedings of the 
National Academy of Sciences of the United States of America 104, 9012-9017. 
Raftopoulou, M., Hall, A., 2004. Cell migration: Rho GTPases lead the way. 
Developmental Biology 265, 23-32. 
Ren, X.D., Kiosses, W.B., Sieg, D.J., Otey, C.A., Schlaepfer, D.D., Schwartz, 
M.A., 2000. Focal adhesion kinase suppresses Rho activity to promote focal 
adhesion turnover. Journal of Cell Science 113, 3673-3678. 
Rose, D.M., Alon, R., Ginsberg, M.H., 2007. Integrin modulation and signaling in 
leukocyte adhesion and migration. Immunological Reviews 218, 126-134. 
Schaller, M.D., 2010. Cellular functions of FAK kinases: insight into molecular 
mechanisms and novel functions. Journal of Cell Science 123, 1007-1013. 
Schaller, M.D., Hildebrand, J.D., Parsons, J.T., 1999. Complex formation with 
focal adhesion kinase: A mechanism to regulate activity and subcellular 
localization of Src kinases. Molecular Biology of the Cell 10, 3489-3505. 
Schaller, M.D., Hildebrand, J.D., Shannon, J.D., Fox, J.W., Vines, R.R., Parsons, 
J.T., 1994. Autophosphorylation of the Focal Adhesion Kinase, Pp125(Fak), 
Directs Sh2 Dependent Binding of Pp60(Src). Mol Cell Biol 14, 1680-1688. 
Schober, M., Raghavan, S., Nikolova, M., Polak, L., Pasolli, H.A., Beggs, H.E., 
Reichardt, L.F., Fuchs, E., 2007. Focal adhesion kinase modulates tension 
signaling to control actin and focal adhesion dynamics. J. Cell Biol. 176, 667-680. 
Schwarzbauer, J.E., DeSimone, D.W., 2011. Fibronectins, Their Fibrillogenesis, 
and In Vivo Functions. Cold Spring Harbor Perspectives in Biology 3. 
Serrels, B., Frame, M.C., 2012. FAK and talin: Who is taking whom to the 
integrin engagement party? J. Cell Biol. 196, 185-187. 
Serrels, B., Sandilands, E., Serrels, A., Baillie, G., Houslay, M.D., Brunton, V.G., 
Canel, M., Machesky, L.M., Anderson, K.I., Frame, M.C., 2010. A Complex 
between FAK, RACK1, and PDE4D5 Controls Spreading Initiation and Cancer 
Cell Polarity. Current Biology 20, 1086-1092. 
Sieg, D.J., Hauck, C.R., Schlaepfer, D.D., 1999. Required role of focal adhesion 
kinase (FAK) for integrin-stimulated cell migration. Journal of Cell Science 112, 
2677-2691. 
Sonoda, Y., Matsumoto, Y., Funakoshi, M., Yamamoto, D., Hanks, S.K., 
Kasahara, T., 2000. Anti-apoptotic role of focal adhesion kinase (FAK) - 
Induction of inhibitor-of-apoptosis proteins and apoptosis suppression by the 
70 | P a g e  
 
overexpression of FAK in a human leukemic cell line, HL-60. J. Biol. Chem. 275, 
16309-16315. 
Tadokoro, S., Shattil, S.J., Eto, K., Tai, V., Liddington, R.C., de Pereda, J.M., 
Ginsberg, M.H., Calderwood, D.A., 2003. Talin binding to integrin beta tails: A 
final common step in integrin activation. Science 302, 103-106. 
Turner, C.E., 2000. Paxillin interactions. Journal of Cell Science 113, 4139-4140. 
Uhlik, M.T., Temple, B., Bencharit, S., Kimple, A.J., Siderovski, D.P., Johnson, 
G.L., 2005. Structural and evolutionary division of phosphotyrosine binding (PTB) 
domains. Journal of Molecular Biology 345, 1-20. 
Vicente-Manzanares, M., Choi, C.K., Horwitz, A.R., 2009. Integrins in cell 
migration - the actin connection. Journal of Cell Science 122, 199-206. 
Vicente-Manzanares, M., Koach, M.A., Whitmore, L., Lamers, M.L., Horwitz, 
A.F., 2008. Segregation and activation of myosin IIB creates a rear in migrating 
cells. J. Cell Biol. 183, 543-554. 
Wang, P.B., Ballestrem, C., Streuli, C.H., 2011. The C terminus of talin links 
integrins to cell cycle progression. J. Cell Biol. 195, 499-513. 
Webb, D.J., Donais, K., Whitmore, L.A., Thomas, S.M., Turner, C.E., Parsons, 
J.T., Horwitz, A.F., 2004. FAK-Src signalling through paxillin, ERK and MLCK 
regulates adhesion disassembly. Nature Cell Biology 6, 154-+. 
Wegener, K.L., Partridge, A.W., Han, J., Pickford, A.R., Liddington, R.C., 
Ginsberg, M.H., Campbell, I.D., 2007. Structural basis of integrin activation by 
talin. Cell 128, 171-182. 
Xue, W., Zender, L., Miething, C., Dickins, R.A., Hernando, E., Krizhanovsky, 
V., Cordon-Cardo, C., Lowe, S.W., 2007. Senescence and tumour clearance is 
triggered by p53 restoration in murine liver carcinomas. Nature 445, 656-660. 
Yam, J.W.P., Ko, F.C.F., Chan, C.Y., Jin, D.Y., Ng, I.O.L., 2006. Interaction of 
deleted in liver cancer 1 with tensin2 in Caveolae and implications in tumor 
suppression. Cancer Research 66, 8367-8372. 
Yamaguchi, H., Wyckoff, J., Condeelis, J., 2005. Cell migration in tumors. Curr 
Opin Cell Biol 17, 559-564. 
Zaidel-Bar, R., Ballestrem, C., Kam, Z., Geiger, B., 2003. Early molecular events 
in the assembly of matrix adhesions at the leading edge of migrating cells. Journal 
of Cell Science 116, 4605-4613. 
71 | P a g e  
 
Zaidel-Bar, R., Milo, R., Kam, Z., Geiger, B., 2007a. A paxillin tyrosine 
phosphorylation switch regulates the assembly and form of cell-matrix adhesions. 
Journal of Cell Science 120, 137-148. 
Zaidel-Bar, R., Itzkovitz, S., Ma'ayan, A., Iyengar, R., Geiger, B., 2007b. 
Functional atlas of the integrin adhesome. Nature Cell Biology 9, 858-868. 
Zamir, E., Geiger, B., 2001. Molecular complexity and dynamics of cell-matrix 
adhesions. Journal of Cell Science 114, 3583-3590. 
Zamir, E., Katz, B.Z., Aota, S., Yamada, K.M., Geiger, B., Kam, Z., 1999. 
Molecular diversity of cell-matrix adhesions. Journal of Cell Science 112, 1655-
1669. 
Zamir, E., Katz, M., Posen, Y., Erez, N., Yamada, K.M., Katz, B.Z., Lin, S., Lin, 
D.C., Bershadsky, A., Kam, Z., Geiger, B., 2000. Dynamics and segregation of 
cell-matrix adhesions in cultured fibroblasts. Nature Cell Biology 2, 191-196. 
Zhang, X., Jiang, G., Cai, Y., Monkley, S.J., Critchley, D.R., Sheetz, M.P., 2008. 
Talin depletion reveals independence of initial cell spreading from integrin 
activation and traction. Nature Cell Biology 10, 1062-1068. 
Zhao, J., Guan, J.L., 2009. Signal transduction by focal adhesion kinase in cancer. 
Cancer and Metastasis Reviews 28, 35-49. 
Zhao, J.H., Reiske, H., Guan, J.L., 1998. Regulation of the cell cycle by focal 
adhesion kinase. J. Cell Biol. 143, 1997-2008. 
Zhao, X., Guan, J.L., 2011. Focal adhesion kinase and its signaling pathways in 
cell migration and angiogenesis. Advanced Drug Delivery Reviews 63, 610-615. 
Zheng, C.H., Xing, Z., Bian, Z.C., Guo, C.M., Akbay, A., Warner, L., Guan, J.L., 
1998. Differential regulation of Pyk2 and focal adhesion kinase (FAK) - The C-
terminal domain of FAK confers response to cell adhesion. J. Biol. Chem. 273, 
2384-2389. 
Zhong, C.L., Chrzanowska-Wodnicka, M., Brown, J., Shaub, A., Belkin, A.M., 
Burridge, K., 1998. Rho-mediated contractility exposes a cryptic site in 
fibronectin and induces fibronectin matrix assembly. J. Cell Biol. 141, 539-551. 
 
